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The Einstein Telescope and other third generation interferometric detectors of gravitational waves
are projected to be operational post 2030. The cosmological signatures of gravitational waves
would undoubtedly shed light on any departure from the current gravitational framework. We here
confront a specific modified gravity model, the No Slip Gravity model, with forecast observations
of gravitational waves. We compare the predicted constraints on the dark energy equation of state
parameters w0−wa, between the modified gravity model and that of Einstein gravity. We show that
the No Slip Gravity model mimics closely the constraints from the standard gravitational theory, and
that the cosmological constraints are very similar. The use of spectroscopic redshifts, especially in
the low–redshift regime, lead to significant improvements in the inferred parameter constraints. We
test how well such a prospective gravitational wave dataset would function at testing such models,
and find that there are significant degeneracies between the modified gravity model parameters, and
the cosmological parameters that determine the distance, due to the gravitational wave dimming
effect of the modified theory.
I. INTRODUCTION
In the current era of precision cosmology, observational
probes of the expansion history and constituents of the
Universe strongly rely on the so–called standard candles.
Undoubtedly, Type Ia supernovae (SNe Ia) [1–3] have
extensively been used as standard candles, since their
intrinsic luminosity is assumed to be known within a cer-
tain tolerance, and therefore these could be used to de-
termine the luminosity distance. It is well–known that
gravitational waves (GWs) emerging from binary systems
also encode the absolute distance information [4]. The
coalescence of compact binaries can be (and has been)
used as standard sirens, since from the GW signal itself
one would be able to measure the luminosity distance in
an absolute way. These standard sirens are known to be
self-calibrating, since these do not rely on a cosmic dis-
tance ladder. In order to get the redshift information of a
GW event, and so place them on the luminosity distance–
redshift (DL− z) relation, an accompanying electromag-
netic signal is needed (see, for instance [5–9], and refer-
ences therein for other redshift measurement techniques
in the case of dark standard sirens). Such a relation is
clearly necessary for the reconstruction of the late–time
cosmological expansion of the Universe, and has also been
employed to constrain various cosmological parameters of
modified theories of gravity.
The era of GW astronomy began with the detection
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of GW150914 [10] from the observation of a GW signal
originating from the coalescence of a binary black hole
(BBH), whereas the first detection of multi–messenger
astronomy was reported with GW170817 [11] from a GW
signal emitted by a binary neutron star (BNS) inspiral
accompanied by electromagnetic detections. In contrast
to standard candles, the determination of a GW event’s
redshift is a non–trivial task, primarily because of the low
resolution of the source’s sky localisation which typically
is of ∼ O(10) deg2 accuracy [12]. On the other hand, the
distance estimates from GWs are free from any external
calibration requirements, which are necessary for the SNe
Ia probe (the cosmic distance ladder).
The primary next generation, also known as third gen-
eration [13], GW detectors will be the ground–based
Einstein Telescope (ET) [14] and Cosmic Explorer (CE)
[15] detectors (see, for instance, [16] for a comparison
between the ET and CE), along with the space–based
LISA/eLISA [17, 18] and TianQin [19] millihertz observa-
tories. These GW detectors are expected to have a better
sensitivity (by an order of magnitude in the strain ampli-
tude of GWs) and a wider accessible frequency band with
respect to currently available second generation detec-
tors. The median redshift from the near future GW cat-
alogue composed of the combined set of GW events from
the planned GW detectors is envisaged to be at z ∼ 2
[20]. Clearly, such high redshift direct measurements of
the luminosity distance would be clearly complementing
the existing and upcoming SNe Ia measurements. In this
analysis we will be focusing on the ET, although we be-
lieve that the consideration of the other third generation
GW detectors would lead to interesting analyses.
The ET is expected to make independent estimates of
the several cosmological parameters, including [21–23]:
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2the Hubble constant (H0), matter content of the Uni-
verse (Ω0m), spatial curvature (Ω
0
k), and the dark energy
equation of state parameters ({w0, wa}, or alternative
parameterisations). Indeed, it is anticipated that more
than a thousand GW events need to be detected [24] (see
also [25] for the consideration of lensed GW events) in or-
der to match the sensitivity of the Planck satellite [26],
and these envisaged to be confidently reported during the
ET observation run. Although the ET would not be able
to independently arrive to all the measurements of these
parameters at once, the joint combination [27, 28] of the
latter standard sirens data sets with the precise data sets
inferred from the existing and forthcoming state–of–the–
art electromagnetic probes, including measurements of
the baryon acoustic oscillations (BAO) and of the cos-
mic microwave background (CMB), would significantly
enhance our knowledge on the dynamics of the Universe.
Furthermore, the opportunity of observing black holes
back to a much earlier epoch of the Universe could al-
low us to observe the remnants of the first stars, and to
explore the dark ages, during which proto-galaxies and
large–scale structure emerged.
A number of recent works (see, for instance, [29–35],
and references therein) have illustrated the strength of
GW detections by their ability to constrain different dark
energy models. Next generation GW detections also gives
us the scope to perform tests on theories of modified
gravity by confronting the modified propagation of GWs
across cosmological distances. This is possible because
of their higher source redshift and lesser calibration re-
quirements. Modified theories of gravity are normally
characterised by different evolution of scalar as well as
tensor perturbations [36]. Consequently, any deviation
from Einstein gravity could be parametrised in the prop-
agation equation of GW by introducing new parameters
related to (for example) the propagation speed of GWs, a
friction term which dilutes the amplitude of GWs, gravi-
ton mass, or an energy source term. GW probes, par-
ticularly the upcoming detectors, have been shown (see,
for instance, [21, 22, 28, 30, 31, 34, 37–45] and references
therein) to be able to help shed light on deviations from
Einstein gravity.
In this paper, we will present a comparative study of
the cosmological dark energy parameter constraints we
will be expecting from the upcoming GW observations
between the existing standard dark energy models and
modified gravity models. We also investigate how tests of
the models may be confused by degeneracies between the
modified theory predictions, and parameters that control
the distance. In section II we discuss the proposed third
generation GW detectors, while in section III we briefly
review the theoretical framework of modified GW propa-
gation. In section IV we illustrate the data and method-
ology which will be implemented in section V. We draw
our final conclusions and prospective lines of research in
section VI.
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FIG. 1: Sensitivity evolution of current and proposed
GW interferometric detectors.
at τ µ
0.5
1.5 0.1
1.0 0.1
1.0 0.2
TABLE I: The three different combinations of adopted
parameter values for at, τ and µ [63].
II. THIRD GENERATION GW DETECTORS
The achieved sensitivity by the first generation of inter-
ferometric detectors (LIGO [46], Virgo [47], GEO 600 [48]
and TAMA [49]) was mainly limited by shot noise, mirror
thermal noise and seismic noise, while for the second gen-
eration GW detectors, such as Advanced LIGO (aLIGO)
[50], Advanced Virgo (AdV) [51], KAGRA [52, 53], and
LIGO-India [54] additional fundamental noise sources
will play a role towards the low–frequency end of the
detection band. As expected, the latter noise sources
will be more prominent in third generation GW detectors
[55–57], particularly due to the fact that the main aim
of these detectors is to probe the low–frequency band; as
low as a few Hz [58]. This low–frequency range is one
of the main driving forces of third generation GW detec-
tors, since it encapsulates some rich information on the
cosmological evolution of the Universe (see, for instance,
[28, 30, 31, 34, 37, 43, 44, 59–62], and references therein).
We should also remark that this young field of observa-
tional astrophysics is constantly being enhanced by tech-
nological improvements. Indeed, the current GW detec-
tors are expected to be upgraded to Advanced LIGO plus
(A+) [64] (possibly to LIGO Voyager [65]), Advanced
Virgo Plus (AdV+) [66], and KAGRA+ [67]. Figure 1
illustrates the amplitude spectral densities [68] of the ET
along with some of the mentioned second and third gener-
ation GW detectors as a function of frequency. As clearly
3indicated in this figure, the ET would be able to probe a
considerably wide range of frequencies with significantly
good sensitivity with respect to the upcoming GW de-
tectors.
As already mentioned, we will be considering the ET
specifications [14] for our analyses, which is a proposed
third generation ground–based interferometric detector
expected to be fully operational in early 2030s. It will
be observing GWs emanated from BBH mergers up to
z . 20, the coalescence of BNS systems up to z . 2, as
well as from neutron star–black hole (NSBH) inspirals up
to z . 8. The ET is envisaged to detectO(103−107) BNS
events per year with signal–to–noise–ratios (SNRs) rang-
ing up to∼ 100 [37, 69, 70], with a fraction of these events
having an electromagnetic afterglow [29, 37]. The current
second generation kilometer–scale GW detectors target
frequency windows in the range of ∼ 20− 2000 Hz, while
next generation interferometers will be able to probe fre-
quencies as low as ∼ 1 Hz [71]. The frequency range
is important since it determines the masses of compact
objects that the GW detector could observe.
GW interferometric detectors are sensitive to the rela-
tive difference between two distances, the so–called strain
h(t), with t being the cosmic time. It is well–known that
GWs are characterised by a second rank tensor hαβ , hav-
ing only two independent components h+ and h× in the
transverse–traceless gauge, since the non—zero compo-
nents are hxx = −hyy = h+ and hxy = hyx = h×. The
response function of a given GW detector is given by
h(t) = F+(ϑ, ϕ, ψ)h+(t) + F×(ϑ, ϕ, ψ)h×(t) , (1)
where F+ and F× are the detector’s antenna pattern
functions, (ϑ, ϕ) are the angles describing the location
of the source on the sky, and ψ is the polarisation angle.
The antenna pattern functions of the ET are given by
[29]
F
(1)
+ (ϑ, ϕ, ψ) =
√
3
2
[
1
2
(
1 + cos2(ϑ)
)
cos (2ϕ) cos (2ψ)
− cos(ϑ) sin (2ϕ) sin (2ψ)
]
,
(2)
F
(1)
× (ϑ, ϕ, ψ) =
√
3
2
[
1
2
(
1 + cos2(ϑ)
)
cos (2ϕ) sin (2ψ)
+ cos(ϑ) sin (2ϕ) cos (2ψ)
]
,
(3)
with the remaining two antenna pattern functions
being F
(2)
+,×(ϑ, ϕ, ψ) = F
(1)
+,×(ϑ, ϕ + 2pi/3, ψ) and
F
(3)
+,×(ϑ, ϕ, ψ) = F
(1)
+,×(ϑ, ϕ+ 4pi/3, ψ). We remark that
the latter two antenna pattern functions follow from the
equilateral triangle design of the interferometric detector.
Following the stationary–phase approximation [29]
which applies due to the adiabatic evolution of the inspi-
ral’s wave frequency, we arrive at the Fourier transform
Ĥ(f) of the time–domain waveform h(t),
Ĥ(f) = Af−7/6 exp [i (2pift0 − pi/4 + 2Ψ(f/2)− Φ(2,0))] ,
(4)
where A is the Fourier transform amplitude, given by
A = 1
DL,GW
√
F 2+ (1 + cos
2(ω))
2
+ 4F 2× cos2(ω)
×
√
5pi/96pi−7/6M5/6c .
(5)
In the above, we are considering a coalescing binary
system located at a characteristic luminosity distance
DL,GW, having a total mass of M = m1 + m2, with
component masses m1 and m2. The associated observed
chirp mass is denoted by Mc = (1 + z)Mχ3/5, with
χ = m1m2/M
2 being the symmetric mass ratio. More-
over, the constant t0 denotes the epoch of the merger,
while ω is the angle of inclination of the binary’s orbital
angular momentum with the line–of–sight. The intro-
duced functions are specified by
Ψ(f) = −Ψ0 +
3
256χ
7∑
i=0
Ψi(2piMf)
i/3 , (6)
Φ(2,0) = arctan
(
− 2 cos(ω)F×
(1 + cos2(ω))F+
)
, (7)
where the parameters Ψi are reported in [72].
III. THEORY
In Einstein gravity, the linearised evolution equa-
tion of GWs propagating in a spatially–flat Friedmann–
Lemaˆıtre–Robertson–Walker (FLRW) background is
given by
h′′A + 2H h′A + k2hA = ΠA , (8)
where the primes indicate the derivatives with respect
to conformal time η, A = [×, +] corresponds to the two
polarisation states, h are the Fourier modes of the GW’s
strain amplitude, H = a′/a is the conformal Hubble pa-
rameter such that a = (1 + z)−1 is the scale factor, and
the term on the right hand side is the source term related
to the anisotropic stress tensor. However, in the case of
a slightly more generic theory of modified gravity, the
propagation equation of GWs changes to
h′′A + 2H [1− δ(η)] h′A + k2hA = 0 , (9)
where we have retained any deviation from the standard
prediction by the function δ(η). It modifies the friction
term in the propagation equation of GWs over a cos-
mological background, and thus describes the effect of
propagation of the modified GWs (we will present the
parametrisation of δ(η) later). The modified middle term
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FIG. 2: The comparison of Planck masses via
Geff/GN = Gmatter = Glight, for the indicated values of
µ and τ , with fixed at = 0.5. We can verify that at very
early–times (a→ 0), M∗ ' mp.
is important as it affects the amplitude of GWs propagat-
ing across cosmological distances, and hence the defini-
tion of the GW luminosity distance. In Einstein gravity
we have that δ(η) = 0, whereas in a number of modi-
fied gravitational theories δ(η) is directly linked with the
effective Planck mass.
In the following analysis, we will be considering the
inferred dark energy parameter constraints from upcom-
ing detections of standard sirens, using a specific modi-
fied gravity model; the No Slip Gravity model [63]. No
Slip Gravity is a special subclass model of the Horndeski
gravitational framework [73, 74], which is well–known to
be the most general scalar–tensor theory having second–
order field equations in four dimensions. This frame-
work encompasses [75], for instance, f(R) models [76],
quintessence [77], the Brans–Dicke model [78], and co-
variant Galileons [79].
The No Slip Gravity model is advantageous to study
in the sense that gravitational waves propagate at the
same speed of light. Recent results from the binary neu-
tron star merger GW170817/GRB 170817A have shown
that the speed of propagation of GWs (cGW) is in an ex-
cellent agreement with the speed of light (c), such that
|(cGW − c)/c| . O(10−15) [80]. The No Slip Gravity
model is therefore a viable model which naturally satis-
fies this requirement, as opposed to a number of well–
known modified theories of gravity which were adversely
affected by this measurement (see, for instance, [81–87]).
The gravitational effect on matter and photons can be
analysed via the modified Poisson equations which re-
late the time–time metric potential with the space–space
metric potential. The growth of cosmic structure is gov-
erned by the gravitational strength Gmatter, while the
deflection of light is characterised by the gravitational
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FIG. 3: Comparison plot of αM , for the indicated
values of µ and τ , with fixed at = 0.5. The grey vertical
line indicates the corresponding α0M values.
strength Glight. The offset between the latter gravita-
tional strengths is referred to as the gravitational slip
parameter, defined by
η¯ =
Gmatter
Glight
, (10)
such that η¯ = 1 corresponds to vanishing slip, which
holds in the case of the concordance model of cosmol-
ogy. In this modified gravity model, we have a simple
relationship between the Planck mass running parame-
ter αM , and the kinetic braiding parameter αB (see [88]
for further information on the Horndeski property func-
tions αM,B). Indeed, the no slip condition is specified
by αB = −2αM , which then determines the ratio be-
tween the constant Planck mass (mp) in Einstein gravity,
and the effective time–dependent Planck mass in modi-
fied gravity M∗, which is given by
Gmatter = Glight =
m2p
M2∗
. (11)
We should remark that a consequence of the stability con-
ditions within this framework, the gravitational strength
is found to be diluted with respect to the standard pre-
diction, leading to weaker gravity. This atypical feature
of scalar–tensor theories of gravity arises from the fact
that the non–null kinetic braiding parameter mixes the
scalar sector into the tensor sector, and such a feature
could address possible anomalies in growth of structure
observations [89–92].
When considering the propagation of GWs, it is essen-
tial that we infer the luminosity distance of the source,
DL,GW. The standard luminosity distance for electro-
magnetic sources will be denoted by DL,GR, such that
50 1 2 3 4 5
z
0
10
20
30
40
50
60
70
80
D
GW L
(z
)/
Gp
c
CDM
FIG. 4: Luminosity distance distribution of the GW
data as a function of redshift. There are a total of 1000
GW candidates.
DL,GR(z) = c(1 + z)
∫ z
0
dz′
H(z′)
, (12)
with
H2(z) = H20
[
Ω0m
a3
+
(1− Ω0m)
a3
(
a−3(w0+wa)e3[wa(a−1)]
)]
,
(13)
where we recall that H0 and Ω
0
m denote the Hubble
constant and the current matter density fraction, re-
spectively. For the dark energy parameter choice of
(w0, wa) = (−1, 0), i.e. the concordance model of cos-
mology, the above relation for H(z) reads as follows
H2(z) = H20
[
Ω0m(1 + z)
3 + (1− Ω0m)
]
, (14)
for a spatially–flat FLRW metric. In the rest of the pa-
per, unless explicitly mentioned, DL will be denoting
DL,GR.
The relationship between the GW standard siren lu-
minosity distance and the photon standard candle lumi-
nosity distance, is given by [36, 93–96],
DL,GW(z)
DL,GR(z)
= exp
{
−
∫ z
0
dz′
1 + z′
δ(z′)
}
. (15)
We will now consider the determination of {M∗, αM} by
adopting the parametrisations as reported in [63], which
is explicitly given by(
mp
M∗
)−2
= 1 +
µ
1 + (a/at)
−τ , (16)
where µ is the amplitude of the transition from the early
Universe to the asymptotic future, and at is the scale fac-
tor when this occurs, with 0 < τ ≤ 3/2 being its rapidity.
In Figure 2 we illustrate three comparisons of the Planck
mass with the time–dependent effective Planck mass ac-
cording to the parameter values as specified in Table I.
We can verify that, asymptotically the effective running
Planck mass tends to the constant Planck mass; this is
justified since in the early Universe they are expected to
be identical.
By using the fact that αM = d lnM
2
∗/d ln a, we get to
the following parametrisation of the Planck mass running
parameter
αM =
[
1 +
µ
1 + e−τ(ln a−ln at)
]−1
τµe−τ(ln a−ln at)[
1 + e−τ(ln a−ln at)
]2 .
(17)
The redshift evolution of αM is depicted in Figure 3, for
the specified parameter values listed in Table I. In order
to solve equation (15), we need to find an expression for
δ(z). [97] has provided a generic parametric form of δ(z),
suitable for most of the modified gravity models,
δ(z) =
n(1− ζ0)
1− ζ0 + ζ0(1 + z)n , (18)
where ζ0 and n for Horndeski specific models are defined
by
ζ0 = lim
z→∞
M∗(0)
M∗(z)
, (19)
n ' αM0
2(ζ0 − 1) . (20)
We can see that at early–times (z →∞) we recover Ein-
stein gravity with δ(z)→ 0, while at late–times (z  1),
δ(z) ' n(1−ζ0). ζ0 = 1 corresponds to the standard pre-
diction, thus the two luminosity distances are identical,
DL,GW = DL,GR.
IV. ANALYSIS
A. Data
We will present a comparison of our results obtained
from using the luminosity distance estimates using the
modified gravity model, to the ones derived from as-
suming a standard electromagnetic source luminosity dis-
tance. For computing the latter case, we used the simu-
lation data of [98]. We refer the reader to this work for
further details on the characteristics of the data.
B. Errors
For Fisher matrix analysis [99–101], we need to model
the systematic errors and account for the cosmological
uncertainties propagating through the luminosity dis-
tance measurement. The uncertainties (σ) in luminosity
6α0M ζ0 n
0.0270 1.0363 0.3715
0.0208 1.0328 0.3176
0.0392 1.0646 0.3036
TABLE II: We here summarise the fit parameters which
are necessary for the computation of the luminosity
distances in our modified gravity model. These have
been inferred from equation (15) along with the
specified values in Table I.
distance measurement error 〈δDL〉 is composed of
〈σ〉2 = 〈σphoto−z〉2 + 〈σWL〉2 + 〈σI〉2 + 〈σP 〉2 , (21)
where the four terms on the right–hand side stand for
the photometric redshift measurement error, weak lens-
ing error, instrumental error and the peculiar velocity
error.
• Redshift error : Since most of distant binaries
will have photometric redshift, it is essential to ac-
count for the photometric redshift measurement er-
ror. It is modelled by 1[71, 102, 103]
σphoto−z =
(
∂DL
∂z
)
[0.03(1 + z)] . (22)
It is vital, that of all the sources which will be de-
tected, the fraction of counterparts identifiable with
the availability of spectroscopic redshift should
have a significant effect on the parameter estima-
tion and the improvement of the constraints. For
the spectroscopic redshift sources, we assume a flat
error of 0.001 [20]. Even with current ongoing large
scale SNe surveys, mitigating the systematic errors
originating from high–redshift photometric samples
is a challenge in itself. Assuming there will be vast
improvement in observing capabilities in the next
one–to–two decades in redshift measurements, we
will present a comparison of the results based on
scenarios, of different level of expected detections
of the spectroscopic redshift.
• Instrumental error : The combined SNR for the
proposed ET’s network of three independent inter-
ferometers is given by
ρ =
√√√√ 3∑
i=1
(
ρ(i)
)2
, (23)
1 The spectroscopic redshift measurement error is neglected here;
[20] state that the nominal requirements from EUCLID/DESI is
of σspec = 0.001.
where ρ(i) =
√
〈Ĥ(i), Ĥ(i)〉, with the standard inner
product expressed as follows
〈a, b〉 = 4
∫ fupper
flower
aˆ(f)bˆ∗(f) + aˆ∗(f)bˆ(f)
2
df
Sh(f)
. (24)
The noise power spectral density of the ET is de-
noted by Sh(f), and is illustrated in Figure 1. The
upper cutoff frequency is dictated by the last stable
orbit of the binary system [29], while the lower cut-
off frequency is set to 1 Hz. Following the adopted
SNR threshold for the current GW detectors, we
consider a GW detection if the three ET interfer-
ometers have a network SNR of ρnet > 8. Assum-
ing that the error on DL,GW is uncorrelated with
any other GW parameter, we can estimate the in-
strumental error via a Fisher information matrix,
leading to the following expression
σI '
√√√√〈 ∂Ĥ
∂DL,GW
,
∂Ĥ
∂DL,GW
〉−1
. (25)
Moreover, since Ĥ ∝ D−1L,GW, we arrive at σI '
2DL,GW/ρ, where the factor of two was introduced
in order to take into account the maximal effect
of the binary’s inclination angle on the SNR. We
should also remark that one could adopt the follow-
ing fitting function for the projected instrumental
error contribution of the ET to the relative error
on the luminosity distance measurement [29]
σI = 0.1449z − 0.0118z2 + 0.0012z3 . (26)
• Weak lensing error : It is introduced, since stan-
dard sirens get lensed in identical fashion to EM
sources, the inhomogeneities along the line–of–sight
give rise to a weak lensing effect. In the weak lens-
ing regime, the magnification µWL can be expressed
to first order in terms of the convergence κ as
µWL ' 1 + 2κ . (27)
Therefore, we will adopt the following weak lensing
uncertainty [104]
σWL =
0.1z
1 + 0.07z
. (28)
• Peculiar velocity error : The peculiar velocity
of the source relative to the Hubble flow introduces
another additional error. We consider the following
functional form for this error [105]
σ2P =
[
1 +
c(1 + z)2
H(z)DL
]2 〈v2〉
c2
, (29)
where we assume a r.m.s. velocity of 〈v〉 =
500 km/s based on numerical simulation results
from [106].
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FIG. 5: The redshift evolution of the δ(z) function, for
the specified parameters as indicated in Table I.
We are now in a position to write down the Fisher ma-
trix for the cosmological parameters of our given model,
which can be expressed as follows
Fij =
1000∑
n=1
1
(σ2)n
∂DL(zn)
∂θi
∣∣∣∣
fid
∂DL(zn)
∂θj
∣∣∣∣
fid
, (30)
where the sum runs over all the 1000 standard siren
events. The partial derivatives of DL (equation (12))
are with respect to the cosmological parameters Θ =
{Ω0m, H0, w0, wa}, computed at their fiducial values
Θfid = {0.315, 67.4, −1, 0}, adopted from the latest
CMB inferred constraints [26] in the ΛCDM framework.
V. RESULTS
As mentioned above, for our Horndeski model analy-
sis, we used the No Slip Gravity model. For the Fisher
analysis, we have to choose the parametric results of the
model parameters. Precisely, we needed the value of the
parameters (ζ0, n) and for that we also needed the value
of α0M (equations (19, 20)). It is evident that for the
computation of the above parameters, via equations (16,
17, 18), we need to know τ, µ and at. [63] has presented
three different sets of viable parameter values of τ and
µ for a fixed at = 0.5, which we summarise in Table I.
By adopting these parameter sets, we computed three re-
spective sets of α0M along with the corresponding values
of ζ0 and n using equation (19) together with equation
(20). The derived values are summarised in Table II.
It is interesting to note that [97] proposed fit values for
the above parameters using another alternate modified
gravity model, the RR model, which is specified by
[ζ0, n] = [0.970, 2.5] . (31)
In appendix A, we further present a comparison of our
results with this model parametrisation.
A. Luminosity Distance
In this section, we will present a comparison of the
computed luminosity distances (DL,GW) using the pa-
rameter values as specified in Tables I–II with the lumi-
nosity distances from Einstein gravity (DL,GR). Based
on equation (15), we calculated δ(z) from the parameter
sets outlined in the previously mentioned tables. The dif-
ferent redshift evolution of δ(z) for different models are
shown in Figure 5.
Moreover, Figure 6 shows a comparison of the distance
estimates from three sets of parameter values. One could
observe that distance estimates are more sensitive to the
amplitude of transition parameter µ, compared to the
rapidity τ .
B. Fisher Analysis
In [63] the combination of [µ, τ, at] = [0.1, 0.5, 1.5]
was found to be in good agreement with current obser-
vations. In this section we will present a comparison of
the 1 − σ constraint plot (ellipses) on the dark energy
equation of state parameters w0−wa under the assump-
tion of all three previously defined parameter sets. In
Figure 7 the three different parameter choices are con-
sidered, with each of them being analysed in four dis-
tinct spectroscopic redshift availability criteria. Three of
the four spectroscopic redshift coverage ranges are chosen
as zspectro = [0.2, 0.3, 0.5], and as a hypothetical bench-
mark result we showed what is the constraint if there
was a (hypothetical) full spectroscopic redshift coverage.
At the time of writing this paper, our best guess is to
assume that up to redshift of z ' 0.3, there will be possi-
ble spectroscopic observations and thus the availability of
the spectroscopic redshift. The concentric ellipses in each
plot, from outside to inside, cover zspectro = [0.3 − 4.0]
cases. Each of these cases are plotted in pairs of ellipses
from the No Slip Gravity model and the corresponding
Einstein gravity model. We can clearly notice that there
is a degeneracy in our results between the three param-
eter combinations. In all considered cases, the No Slip
Gravity model is found to be closely related with Einstein
gravity inferred results. As expected, the constraints get
tighter as we increase the spectroscopic coverage.
A measure of these constraints can be analysed by
using the Figure of Merit (FOM) values [107]. In Ta-
ble III we have summarised the FOM values of the el-
lipses found in Figure 7, and these are further illustrated
in Figure 8. There is consistency in the trend of the FOM
values throughout the three parameter combinations as a
function of the spectroscopic redshift coverage. We also
observe that there is a remarkable improvement in the
FOM as we increase the spectroscopic redshift from 0.2
80 1 2 3 4 50
10
20
30
40
50
60
D
L(z
)/
Gp
c
DL, GR
DL, GW
0 1 2 3 4 5
z
0.00
0.25
0.50
0.75
1.00
1.25
1.50
1.75
D
L
D
L,
GR
%
= 0.1, = 1.5
0 1 2 3 4 50
10
20
30
40
50
60
0 1 2 3 4 5
z
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
= 0.1, = 1.0
0 1 2 3 4 50
10
20
30
40
50
60
0 1 2 3 4 5
z
0.0
0.5
1.0
1.5
2.0
2.5
= 0.2, = 1.0
FIG. 6: Comparison between DL,GW and DL,GR, where the former is computed via equation (15). The lower panel
shows the relative error between the two luminosity distances.
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9zspectro FOM Set
0.2 0.4283 GR
0.3 0.5066
0.5 0.5405
0.2 0.4231 NSG-I
0.3 0.5000
0.5 0.5332
0.2 0.4242 NSG-II
0.3 0.5014
0.5 0.5348
0.2 0.4206 NSG-III
0.3 0.4969
0.5 0.5298
TABLE III: Summary of the FOM values of the plots
shown in Figure 7, as a function of the spectroscopic
redshift availability (zspectro) excluding the case of full
spectroscopy, i.e. [0.2, 0.3, 0.5]. The third column
corresponds to either Einstein gravity (GR) or the
adopted No Slip Gravity (NSG) parameter values, such
that NSG− I : (µ = 0.1, τ = 1.5), NSG− II : (µ =
0.1, τ = 1.0) and NSG− III : (µ = 0.2, τ = 1.0). A
visual representation is depicted in Figure 8.
to 0.3. In contrast, the improvement in the FOM for
the remaining length of the abscissa is less steeper. Def-
initely, at the time of ET’s realisation, we expect this
redshift range to be spectroscopically covered. The blue
dashed line gives a locus of the FOM as a function of the
spectroscopic redshift coverage, all the way to full spec-
troscopic redshift availability. Significant improvements
can be made by focusing on the enhancement of spectro-
scopic redshift availability in the low–redshift ranges. We
should further remark that there is no significant model
sensitivity in terms of the FOM, although visibly minus-
cule deviations could be noticed at the highest redshift
coverage between Einstein gravity and the No Slip Grav-
ity models.
C. MCMC analysis
We also conducted a Markov Chain Monte Carlo
(MCMC) analysis with the forecast data, to determine
how well the parameters ζ0 and n could be measured with
this data, and what degeneracies might exist with the
cosmological parameters that control cosmic distances.
We use the affine-invariant ensemble sampler for
MCMC [108], applying the specific Python implemen-
tation emcee [109]. We adopted uniform priors, with
0 < Ω0m < 1, 0 < ζ0 < 2, and −1 < n < 2. We as-
sume a flat universe and hold all other parameters fixed
to their fiducial values, including the dark energy pa-
rameters w0 = −1 and wa = 0. We ran separate MCMC
analyses for each of the four models, to determine if the
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FIG. 8: The FOM of the confidence regions shown in
Figure 7 (Table III) as a function of the spectroscopic
redshift coverage. The blue dashed line corresponds to
the mean FOM of the four values at each zspectro.
data could distinguish between the models (assuming
each of them to be true). The Bayesian credible con-
tours are shown in Figure 9, and were generated using
ChainConsumer [110].
We find that the data is not constraining enough to be
able to to distinguish between the different models. The
difference between values of ζ0 and n given in Table II
is much smaller than the parameter bounds, and so the
models are indistinguishable. The constraints on these
parameters are also identical, confirming the results from
section V B.
We see a significant degeneracy between the No Slip
gravity model parameters ζ0 and n, and the matter den-
sity Ω0m. As the matter density increases, the luminos-
ity distance to the different GW sources will decrease,
but this can be balanced by increasing the amount of
GW ‘dimming’ that is generated by the modified grav-
ity model, making the sources appear to be further away.
This degeneracy is also present between the No Slip grav-
ity parameters and H0, though to a lesser extent. Since
the Hubble parameter is mainly constrained by the data
at low redshift, the amount of distance available to see a
significant impact on the value of H0 is reduced. This is
why the values of n and ζ0 need to be quite large before
the Hubble parameter is significantly shifted.
Though the model cannot be distinguished from Ein-
stein gravity using this data by itself, it may be possible
to do so in combination with other distance probes. Since
luminosity distances (and angular diameter distances)
measured by electromagnetic means (for example, SNe
Ia or BAO) will be completely insensitive to the No Slip
gravity model parameters, they can provide independent
constraints on the cosmological parameters H0 and Ω
0
m.
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FIG. 9: The forecasted 68% and 95% Bayesian credible intervals for the parameters H0, Ω
0
m, ζ0 and n, using the
prospective data described in section IV, for each of the four different underlying models (ΛCDM where gravity is
the Einstein model, and three No Slip Gravity models with different choices of ζ0 and n). The bounds are estimated
using MCMC, and the different markers represent the values of the parameters for the true model, in the different
cases. The bounds on the No Slip gravity parameters are much larger than the differences in the true values of ζ0
and n, and there are significant parameter degeneracies between Ω0m and the No Slip gravity parameters. The
constraints are nearly identical between the models using this data set.
By combining these electromagnetic data sets with the
GW luminosity distances, the degeneracy between the
cosmology parameters Ω0m and H0 with the No Slip grav-
ity parameters ζ0 and n can be broken, and the size of the
confidence contour can be significantly reduced. This is
analogous to testing Etherington’s distance-duality equa-
tion for electromagnetic distances, with the alteration
that here the check is the consistency between electro-
magnetic and GW distances. We leave such a demon-
stration for future work.
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VI. CONCLUSION
We have presented a study of what we can expect in
terms of cosmological analysis from prospective GW de-
tections from the perspective of modified gravity mod-
els, particularly focusing on a subclass of the Horndeski
scalar–tensor theory of gravitation. We have presented
a comparison to compare the cases between a modified
gravity model and the standard Einstein gravity. For the
implementation of the modified gravity model, we used
the No Slip Gravity model, as outlined in [63]. This is
primarily motivated from the fact that current observa-
tional probes, including GW detections, are in agreement
with the predictions of the No Slip Gravity model. Third
generation interferometric surveys are projected to be op-
erational post 2030 and we expect that modified gravity
models, including the one analysed here, will be robustly
tested by a number of proposed surveys such as LSST
[111] and Euclid [112].
From our results, we see that the alternative model
mimics the standard Einstein theory for the homoge-
neous expansion. We find, for the models explored
here, that the effect on both the distances measured,
and the values of the cosmological parameters recovered,
are small. We show that, considering a GW-only data
set, there will be significant parameter degeneracies be-
tween the cosmological parameters, such as Ω0m, with the
parameters of the No Slip gravity model. This is be-
cause the ‘dimming’ of the GW luminosity distance can
also be mimicked by the change in propagation of the
GW in the modified gravity theory. Such a degeneracy
could be broken through combining the GW dataset with
distances estimated through electromagnetic means, or
else through separate constraints on the No Slip gravity
model parameters.
We await with great expectations from future GW sur-
veys for demystifying the fabric of gravity and the impli-
cations it will have on improving our understanding of
precision cosmology.
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Appendix A: Comparison with the RR Model.
[97] have presented an alternate parametrisation for a
different modified gravity model, the RR model (for a
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FIG. 10: Constraint plots for the RR Gravity model
(blue) in comparison with the Einstein gravity
confidence regions (GR, red) for dark energy
parameters (w0, wa). The concentric ellipse pairs are
plotted similar to those in Figure 7, where we used the
assumption that there will be spectroscopic redshifts
available up to z = [0.2, 0.3, 0.5, 4.0] (outside to inside).
Inset plot: FOM plot of the corresponding ellipses.
detailed study, refer to [97, 113]).
Although these models, are mostly screened from ob-
servational requirements, still for comparisons and ref-
erence purposes, we show the similar 1 − σ dark en-
ergy parameter constraint plot from this model, with
[ζ0, n] = [0.970, 2.5] (equation 31). It is interesting to
see that the RR model gives rise a constraint which is
marginally tighter than the corresponding Einstein grav-
ity model. A measure of their corresponding FOM is also
provided in the inset plot of Figure 10.
Appendix B: Hubble Parameter Constraints with
the No Slip Gravity Model
We here present the H0 − Ω0m constraint figures. The
concentric pairs of ellipses are plotted similar to those in
Figure 7 as a function of the spectroscopic redshift avail-
ability [0.2 (second from the outermost), 0.3, 0.5, 4.0 (in-
nermost)]. For No Slip Gravity we used the first param-
eter choice of [µ, τ, at] = [0.1, 0.5, 1.5]. The outermost
light blue ellipse is a reference showing the constraint if
no spectroscopic redshifts are available.
Similar to the observations on the w0 − wa confidence
regions, we see that huge improvements in parameter
constraints can be achieved by using spectroscopic red-
shifts in the low–redshift range. Indeed, the inset plot of
the FOM from Figure 11 (or Table III) shows this trend.
We also see that the modified gravity model closely mim-
ics the standard prediction and that they are nearly iden-
tical. Again, we would like to remark that the case of
full spectroscopic redshift availability is a hypothetical
reference point. This can be thought of as the maximal
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FIG. 11: Comparison plot showing the extreme limits of
the constraints on the Hubble constant (H0) and the
matter density (Ω0m) plane using the first parameter set
(blue dashed) of the No Slip Gravity model from
Table I along with Einstein gravity (GR) (red dashed).
As we move from the outer edge to the inner edge, the
spectroscopic coverage changes from [0.2− 4.0], and the
dot–dashed blue confidence region corresponds to the
scenario if all redshift was photometric (using GR).
Inset plot: FOM of the corresponding ellipses, also
listed in Table IV.
zspectro GR NSG− I
0.0 0.7555 0.7689
0.2 1.2981 1.2880
0.3 1.5077 1.4953
0.5 1.6055 1.5918
4.0 2.5614 2.5377
TABLE IV: Table showing the FOM comparisons
between GR and the No Slip Gravity model from
Figure 11. The second column is similar in abbreviation
to Table III.
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